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Abstract
The increasing global demand for energy has placed emphasis on the development
of innovative renewable energy sources. Ocean energy technologies, while currently
underutilized worldwide, promise to emerge as an important part of a comprehen-
sive global energy solution. Recently, research on the energy saving Kairmain gaiting
motion employed by fish in the wake of obstructions, has inspired studies into the
use of flapping foils as an alternative to traditional turbine geometries in shallow and
turbulent environments. While studies have shown that fish can passively synchro-
nize with vortices shed behind an obstruction, the ability to maintain the Kairmin
gaiting motion requires sensory feedback and active control. Our research focuses
on the detection of leading edge vortices (LEV) shed from a hydrofoil undergoing
both steady translation and flapping foil motions. A NACA 0018 foil was instru-
mented with four pressure sensors to allow the pressure field near the foil surface to
be sampled throughout the foil motions. In addition, PIV techniques were used to
image the flow field and verify the presence and location of vortex structures inde-
pendent of pressure measurements. It was found that the shedding of a LEV created
a strong, easily distinguishable pressure signature that was observed sequentially on
each pressure sensor location as the vortex translated from the foil leading to trailing
edge. Force and moment measurements were also made during steady translation
experiments, demonstrating the presence of a transient increase in lift force and an
additional pitching moment due to the presence of a LEV near the foil surface. Results
demonstrated that employing real-time pressure sensor measurements as feedback to
the motion control of a flapping foil device has the potential to increase energy ex-
traction efficiency through the optimal synchronization of foil motions and near-body
vorticity.
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Chapter 1
Introduction
1.1 Research Motivation
With rising energy costs, and in the wake of the Deepwater Horizon oil spill, alter-
native energy sources have seen increased press and popular interest. In addition, in
his 2011 State of the Union Address, President Obama reinforced his commitment to
clean energy technology, stating that the United States will adopt 80% clean energy
generation by the year 2035. If the President's challenge is to be met, contributions
will be required from established technologies such as wind and solar, as well as new
and novel energy generation technologies.
Currently, ocean energy is an underutilized portion of the clean energy solution.
While both wave and current devices have been deployed in small numbers in Europe,
existing technologies are massive, requiring large surface area for wave generators,
and large water depths for current based systems. Flapping foil generators offer an
alternative to existing technologies that is uniquely suited for operation in shallow
water and turbulent environments. Because flapping foil generators rely on blades
arranged horizontally, instead of in a rotor, required operating depths are much less
than traditional turbine based systems. It is conceivable to imagine an array of
flapping foil generators deployed beneath existing bridge structures, and operating at
a depth sufficient to keep well clear of conmercial traffic.
While the unique geometry of flapping foil generators offers advantages for opera-
tion in shallow water environments, the interaction between flapping foils and vortex
structures offers the potential to extract additional energy in much the same way fish
extract energy from turbulent flows in nature [2]. Early experiments with flapping
foils have shown the potential to achieve energy extraction efficiencies similar to, or
exceeding, those of existing wind technologies, and further study into flapping foil
optimization and control promises to establish the technology as a viable alternative
solution to the world's expanding energy needs [14].
Solving the energy demands of the world's continually increasing population will
require substantial innovation, as well as the ability and willingness to think beyond
existing energy generation systems. Ocean energy systems have the potential to fulfill
an important role in an energy solution that will not be reliant on one technology, but
will require many technologies, each adapting to the requirements of an immensely
diverse population of consumers.
1.2 Previous Work
Both the fish lateral line, and flapping foils for thrust generation and energy extrac-
tion, have been areas of active research for several decades. Our research aims to
combine the potential benefits of using flapping foils as a means to extract energy
from a flow, with the novel sensing method found in the fish lateral line. The fish
lateral line has been a topic of research for biologists for many years, and recent
investigations to both better understand the hydrodynamics of the lateral line, as
well as attempts to fabricate artificial lateral line like sensors, have been reviewed.
Work related to both biomimetic propulsion and energy extraction using flapping foils
provide valuable insight into the problem and will also be reviewed.
Chen, Engel, Chen, Pandya, Coombs, and Liu built an artificial lateral line using
both superficial and canal hot wire elements [3]. In designing the sensors, hot-wire
anemometers were used in arrays in order to simulate the superficial neuromasts
found on fish. When tested using a dipole source as a stimulus, it was found that the
array of hot-wire probes did an adequate job of locating the position of the dipole. It
was also found, however, that a superficial array of the hot-wire probes can be easily
overwhelmed by noise in the presence of a DC signal, greatly reducing sensitivity to
small AC stimulus. In order to combat this DC noise, the array was placed in a
machined canal, mimicking the canal lateral line system found on fish, and providing
improvement over the superficial array.
Viscous two and three dimensional CFD simulations of a small sphere vibrating
near a fish were conducted by Rapo, Jiang, Grosenbaugh, and Combs to investigate
the localization of a dipole source by the lateral line [16]. The study directly cal-
culated the stimuli on the lateral line system of a three-dimensional fish body from
a vibrating sphere located near the fish. Additionally, the body motions of a prey-
attacking sequence were simulated based on videos of real tracking sequences. In
the simulations, only the flow due to the vibrating sphere was considered, with no
ambient unidirectional current taken into account. It was found that the existence
of extended fins on a fish-shaped body significantly altered the pressure distributions
from the vibrating source when compared to studies using a simple streamlined body.
In addition, it was found that 2D simulations produced pressure gradients very differ-
ent from those found using 3D techniques, showing that 2D simulations may not be
appropriate for simulating a fish locating a vibrating sphere using its lateral line. Ad-
ditionally, it was found that the pectoral fins of a fish significantly alter the pressure
distribution due to a vibrating sphere near the body, shedding light on the routing of
the lateral line above the pectoral fins on the Mottled sculpin species of fish.
Ren and Mohseni used two-dimensional potential flow simulations to investigate
the ability of the lateral line trunk canal to sense a vortex passing near a fish in a free
stream [17]. The flow within the lateral line trunk canal due to the presence of the
vortex was calculated analytically for both the case of a single vortex near the body,
and for a vortex street. It was concluded that the LLTC is able to detect the presence
of a vortex street due to the change in flow velocity within the canal. In addition, it
was found that the spacing of the LLTC pores must be smaller than the significant
length of the vortex street in order to differentiate between varying stimulus. It was
also found that the length of the LLTC had an impact on the amount of information
collected about a vortex street, with a longer canal system being preferable.
Flapping foils have been actively studied both for use as an alternative method
of propulsion ([1], [2], [8], [21], [24], [23] ) and as a novel energy harvesting method
([5], [8], [9], [12], [13], [14], [19], [18], [20], [25], [26]). Early experimental work to
test the feasibility of a flapping foil energy harvester was carried out by Mckinney
and Delaurier with their "Wingmill," an oscillating-foil windmill that was tested
in a subsonic windtunnel [14]. Mckinney and Delaurier first carried out a quasi-
steady numerical simulation of the problem in order to generate time-varying lift
coefficients for comparison with experimental results. Experiments were conducted
using a NACA 0012 airfoil that underwent harmonic heave and pitch oscillations, and
included a variable phase angle, #, between the two motions. Heave amplitude was
held constant at !!a = 0.3, while free stream velocity U was varied from 6.2 to 8.0
m/s. Pitch amplitudes, 60, of 25 and 30 degrees were tested, and phase angle was
varied from 60 to 135 degrees to cover a wide range of operating conditions.
The authors found that maximum power extraction occurred at # 1100 for
the experimental case, while theory predicted maximum extraction at values closer
to # r 900. Additionally, it was found that the "Wingmill" was able to achieve a
maximum efficiency of r 28.3%, a value comparable to windmills of the time, at
# r 90" and .f - 4.5 hz. Finally, it was found that theoretical predictions generally
underestimated experimental power output by approximately 20% due to dynamic
stall effects and LEV suction not captured in numerical analysis.
The biological inspiration for flapping foil energy extraction was investigated by
Liao, Beal, Lauder and Triantafyllou using live and euthanized trout in a circulating
flume ([2], [10], [11]). Experiments found that when placed behind a flow obstruction
generating a vortex wake, trout display unique body kinematics known as the Kirmain
gait. Using electromyography along with a variety of visualization techniques, it was
found that the trout exhibited less muscle activity when Kirmain gaiting behind a
D-shaped cylinder then when swimming in a free stream. Additionally, it was found
that the motions of a euthanized trout were able to passively synchronize with the
shed vortices, and enough propulsion was generated from the vortex-body interaction
to propel the trout upstream.
In addition to the experiments conducted using trout, Beal carried out a com-
prehensive experimental program investigating both thrust and energy extraction by
flapping foils [2]. Experiments were conducted using a flapping foil in the wake of a
sinusoidally oscillating D-shaped cylinder. The interaction between shed vortices and
the flapping foil as a function of the phase angle between the two sinusoidal motions
was studied using dye visualization and anemometry. Beal found that a portion of
the energy on the cylinder wake could be recovered by a flapping foil, but his study
concluded before the recovery could be optimized. Active wake synchronization was
also investigated, and positive results were found using anemometers placed midway
between the D-shaped cylinder and the trailing flapping foil. Of particular interest
to the present work was the statement "If the flow signals from a man made 'Lateral
Line' are used to estimate the external vorticity field, then it would be likely that
a flapping foil mechanism could manipulate that vorticity with its fins in a similar
fashion, with corresponding increase in performance [2]."
Jones, Platzer, and Lindsey conducted a series of investigations into the feasibility
of using flapping foils for power generation using both numerical and experimental
methods ([12], [13], [8]). Jones and Platzer used a panel code, a boundary layer code,
and an extension of the panel code to include two foils, to investigate flapping foils
in the energy extraction regime. In both the numerical investigations and subsequent
experiments conducted with two NACA 0014 foils in a circulating tunnel, it was
found that optimal energy extraction was achieved for # / 100 - 107'. Water tunnel
experiments showed that using flapping foils to extract energy from a flow is feasible,
but significant work was still needed to optimize the foil motions and achieve levels
of extraction predicted by panel and Navier-Stokes codes.
An unsteady, two-dimensional, laminar flow investigation of a plunging and pitch-
ing foil was conducted using the FLUENT software by Kinsey and Dumas, and effi-
ciencies as high as 34% were found to be achievable [9]. The highest efficiencies were
achieved for high pitching amplitudes of 0, 75' and reduced frequency fr ~ 0.15.
It was found that with high pitching angles, effective angle of attack reached 35',
and dynamic stall occurred. Leading edge vortex shedding was found to have an
important effect on the synchronization of vertical force and heaving velocity. When
optimal synchronization between the vertical force and heaving velocity was achieved,
positive power extraction was found over most of the periodic cycle.
Simpson conducted a comprehensive series of experiments using a NACA 0012
foil undergoing harmonic pitching and angle of attack (AOA) motions with non-
harmonic heaving [19]. Care was taken to ensure that the AOA profile remained
harmonic in order to avoid spurious vortex formation caused by large variations in
AOA experienced when using simple sinusoidal heave and pitch profiles. Simpson
found that LEV shedding played an important role in energy recovery, and that the
most consistent transfer of energy from the LEV back to the foil was observed for the
2P vortex shedding mode, as shown in figure 1-1.
A
B
Figure 1-1: The 2P vortex shedding was observed for experiments with high angles
of attack. Vortex A is the LEV, and is shed at the maximum heave amplitude.
The strength of vortex A entrains rotating fluid from the opposite side of the foil,
generating vortex B, which rotates around the core of vortex A as the pair travel
downstream (adopted from [19]).
All experiments with the 2P vortex shedding mode were found to extract energy
from the flow, and in most cases the LEV shedding was phased correctly with the
foil pitching motion, causing a large moment on the foil in the same direction as the
foil rotation. Well defined wake pattern trends were found when experiments were
parameterized by reduced frequency and maximum angle of attack.
Streitlien and Triantafyllou present a numerical approach for calculating the forces
and moments on a heaving and pitching foil using a potential flow model of vortex
flow near a Joukowski foil ([20], [22], [21]). Streitlien's approach used a conformal
map of a cylinder to a Joukowski foil profile, and the unit potentials presented allow
arbitrary vortices to be introduced into the simulation in addition to a series of
vortices periodically shed into the foil wake. The numerical approach was verified
by comparing simulations with experiments conducted using a heaving and pitching
NACA 0012 foil both in a free stream, and in the wake of a D-section cylinder.
It was found that while the numerical approach provided a good simulation of the
experimental cases, the lack of three-dimensional effects and viscosity caused some
variation between the two results. For the case of interaction between a flapping foil
and a shed vortex wake, it was found that optimal performance was achieved when
the flapping foil intercepted the vortices head on, while remaining within the bounds
of the vortex wake.
Zhu and Peng conducted a numerical analysis of energy harvesting by a flapping
foil using a two-dimensional Navier- Stokes solver and focusing on low Reynolds num-
bers [26]. It was found that the synchronization of LEV shedding and foil motions
played an important role in the energy input to the system. It was observed that for
cases with high angle of attack, a strong LEV would form and travel along the length
of the foil until being shed at the trailing edge. If synchronized correctly with the
foil pitching motion, the LEV low pressure region could contribute a helpful moment,
transferring energy back into the system. If phasing between the LEV shedding and
foil pitching was incorrect, additional energy was required to overcome the LEV low
pressure, decreasing the efficiency of the energy extraction system.
Suryadi and Obi investigated the problem of LEV shedding on a sinusoidally flap-
ping plate using stereo PIV techniques, and applying the three dimensional Poisson
equation to solve for the pressure distribution [23]. Changes in torque on the shaft
supporting the foil were directly measured using strain gauges, and compared to val-
ues calculated from integrating the pressure field found from PIV. Torque estimates
found from PIV measurements agreed well with direct strain gauge measurements
near the middle of the plate, where the effect of the LEV was minimal. This result
demonstrated both the potential of the method for measuring forces on small, dif-
ficult to instrument micro aerial vehicles, and also the substantial influence of LEV
shedding on flapping foil torque.
1.3 Chapter Preview
Chapter two provides a background introduction to the relevant biological and hy-
drodynamic concepts behind flapping foil energy extraction. The fish lateral line is
discussed as the inspiration for implementing pressure sensing on the foil surface,
and the Kirmain gait motion is introduced as a novel energy preservation technique
employed in nature. The relevant motions and parameters for flapping foil ocean
energy extraction are introduced, as well as the influence of the shed vortex wake and
near-body vorticity on energy extraction efficiency.
Chapter three describes the experimental setup used during instrumented hydro-
foil experiments. The selection and mounting of pressure sensors is described, as well
as the design and fabrication of the instrumented foil. Experiments were conducted
at the SMART center in Singapore, and the testing tank and motion control systems
are described and their limitations identified. The method of force sensing on the
foil is discussed, and techniques and equipment used for particle image velocimetry
(PIV) are explained.
Chapter four presents the parameter space and results of the experimental pro-
gram. The pressure sensor, PIV, and force sensor results for experiments conducted
at a steady angle of attacked are discussed, and the ability to identify a shed leading
edge vortex is demonstrated. Pressure sensor results for cases with flapping foil mo-
tions are also presented, and the challenges associated with the increased complexity
of the foil motions are shown.
Chapter five discusses the results of the experimental program, and their applica-
bility to flapping foil energy extraction. The correlation between pressure sensor and
force results is discussed in the context of optimizing flapping foil motions to maxi-
mize energy extraction efficiency. The challenges in formulating an analytical model
of leading edge vortex shedding are identified, as well as the problems associated with
the time-varying circulation of the shed vortex.
Chapter six draws conclusions from the various portions of the research program.
Future avenues for research, as well as improvements to both the experimental setup
and types of experiments are recommended.
1.4 Nomenclature
The nomenclature used throughout this document was chosen to remain consistent
with previous works from the Towing Tank Laboratory at MIT, as well as previous
work in the field. Please refer to table 1.1 for a complete list of acronyms and variable
names.
Table 1.1: Nomenclature
LEV
CFD
LLTC
CNC
CENSAM
SMART
AOA
PIV
~yi
ho
C
U
A
a,
00
7
f
fr
a(t)
0(t)
#3(t)
h(t)
Pi
PO
P
p
Y
LOPIV
ipiv
&PIV
Apixel
FL
FD
T2
7Yk
IPIv
Leading edge vortex
Computational fluid dynamics
Lateral line trunk canal
Computer Numerical Controlled
Center for Environmental Sensing and Modeling
Singapore MIT Alliance for Research and Technology
Angle of Attack
Particle image velocimetry
Phase angle between foil heaving and pitching motions [degrees]
Phase angle between foil heaving and pitching motions [radian]
Initial phase offset [radian]
Foil heave amplitude
Foil chord
Free stream velocity
X-Y Gantry acceleration
Angle of attack amplitude
Pitch amplitude
Energy extraction efficiency
Frequency [hz]
Frequency [rad/s]
Reduced frequency
Foil angle of attack
Foil pitching angle
Foil combine velocity angle
Foil heave velocity
Average power input
Average power output
Power output
Water density
Foil vertical sweep distance
Velocity from PIV measurements
Vorticity calculated from PIV
Average vorticity on a pixel from PIV
Pixel area
Foil lift force
Foil drag force
Foil pitching moment
Complex velocity potential
Complex position in foil frame
Vortex strength
Circulation from PIV
Chapter 2
Background
2.1 Biological Inspiration
2.1.1 The Lateral Line
In nature, fish use a unique sensory organ known as the lateral line to detect flow
structures. The lateral line is an organ without analog in humans, and is composed
of two primary subsystems: the superficial and canal neuromast subsystems as seen
in figure 2-1.
Figure 2-1: The lateral line organ is composed of both superficial neuromasts and
a canal subsystem. In the figure, the lateral line distribution on a Lake Michigan
Mottled sculpin is shown. Superficial neuromasts are shown is individual black dots,
and the canal subsystem is shown in red (adopted from [4]).
Superficial neuromasts are mechanoreceptors located on the skin surface of the
fish, exposed to the external fluid flow. In contrast, the canal subsystem is composed
of neuromasts which are located within canals beneath the skin of the fish, as seen in
figure 2-2.
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Figure 2-2: The lateral line canal subsystem is composed of subsurface canals con-
nected to the skins surface by pores. Neuromasts are located within the canal between
pores, responding to pressure gradients between adjacent pores (adopted from [15]).
The canal system is connected to the external fluid through a series of pores in
the skin of the fish. When a pressure gradient is experienced between adjacent pores,
a local flow is induced within the portion of the canal connecting the pores, providing
stimulus to the neuromasts within the canal. By responding to pressure gradients
across adjacent pores, the lateral line canal system acts in a similar fashion to a
linear array of pressure sensors.
2.1.2 The Kairmain Gait
When swimming in the wake of obstructions, fish have been shown to engage in two
different types of energy-saving behaviors: entrainment and the Kirmin gait [10].
In the case of entrainment, the fish sits passively within the suction zone behind an
obstruction, as seen on the left in figure 2-3. Conversely, the Kirmain gait is an active
mode where the animal extracts energy from the Kirmin vortex street shed behind
the obstruction, as seen on the right in figure 2-3.
Experiments conducted behind a D-shaped cylinder in a flow channel have shown
that the muscle usage by a fish engaged in the Kirmin gaiting motion is greatly
reduced when compared to a free-swimming fish, as seen in figure 2-4. These results
suggest that the fish is able to extract energy from the turbulent flow field behind the
cylinder [10].
Latra nowe
Figure 2-3: Fish have been shown to engage in energy-saving behaviors when placed
in the wake of an obstruction in the flow field. In the left frame, a trout engages
in entrainment, a passive behavior where the fish sits in the suction zone behind an
obstruction. In the right frame, a trout is engaging in the Kairman gait, an active
motion that benefits from the vortices shed behind an obstruction (adopted from
[11]).
A dramatic example of the potential for energy extraction from vortices in a tur-
bulent flow field was shown by Liao and Beal ([10], [2]) using a euthanized trout towed
behind a D-shaped cylinder. It was observed that when towed in a Kirmin vortex
street, the euthanized trout was able to passively synchronize with the vortices shed
from the cylinder, and extract enough energy from the flow structures to overcome
its own frictional drag and swim upstream [2].
Both the live K6armain Gaiting motion, and the example of the euthanized trout
provide inspiration for the use of flapping foils for ocean energy extraction. Additional
experiments by Liao have shown that while a euthanized trout is able to extract
R3' CM R3
(a) Probe locations for sensing muscle activity on a trout
during steady swimming and Kirmin Gaiting.
Steady swimming Kkrmin gait
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(b) Comparison of average, rectified area of muscle activity
ming in a uniform flow and behind a D-shaped cylinder.
for trout swim-
Figure 2-4: When the average rectified area of muscle activity is compared for a
trout during steady swimming and KArmin gaiting, a significant reduction in axial
muscle usage is observed at all locations along the body except at location R1. At
location R1, the relative intensity is reduced (B), but the burst duration is observed
to increase (C). The reduction in muscle activity during Kirmin Gaiting implies that
axial muscles are no longer being used to produce a traveling wave for the purpose of
generating thrust, but to position the fish optimally in relation to the shed vortices
(adopted from [10]).
sufficient energy from a vortex wake to overcome its frictional drag, the motion is a
transient one that requires some degree of active control in order to be sustainable
[10].
2.2 Flapping Foils for Energy Extraction
Like all energy extraction devices, flapping foils generate energy by removing kinetic
energy from a flow field. This reduction is accomplished through the creation of a
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strong vortex street in the wake of the flapping foil. Flapping foils are capable of both
producing thrust, and extracting energy, depending on the parameters that govern
the flapping motion. The kinematics of the flapping motion for thrust-production
and energy extraction are markedly different, with the energy extraction motions
oscillating through much larger pitching angles than the thrust producing cases, as
seen in figure 2-5.
Figure 2-5: Flapping foil kinematics for thrust production (a) and energy extraction
(b) (adopted from [18]).
For a foil undergoing a combined heaving and pitching motion, the foil kinematics
can be described by simple harmonic profiles.
h(t) = hosin(wt + yi) (2.1)
0(t) = 0sin(wt + 0 + -yi) (2.2)
The relative angle of attack on the foil is a function of both the time-varying
heaving and pitching motion, as well as the free stream velocity, as seen in figure 2-6.
The combined velocity angle of the foil, #(t), can be defined as h/U, and using
this definition, the relative angle of attack on the foil can be defined as shown in
equation (2.3).
a(t) = 0(t) - arctan (J ) (2.3)
(U
h(t) 0(t)
U
Figure 2-6: The angle of attack, a(t), is a function of the pitch angle, 0(t), free stream
velocity, U, and heave velocity, h(t).
a(t) = 0Bsin(wt + 4@ + y) - arctan (hUsin~jt + (2.4)
It is evident from equation (2.3) that the relative angle of attack of a heaving and
pitching foil varies greatly throughout a cycle. Additionally, it can be shown that the
angle of attack profile is not sinusoidal, as seen in figure 4-23, but instead exhibits
rapid changes in angle of attack that can lead to the shedding of extraneous vortices.
In his study of flapping foils for energy extraction, Simpson combatted this spurious
vortex shedding by using a sinusoidal angle of attack profile and a non-harmonic
heave profile [181. While this approach proved successful in eliminating the shedding
of additional vortices, the actuation of non-harmonic heave profiles adds additional
complication to the implementation of a flapping-foil generator.
2.2.1 Vortex Wake
In the case of thrust production, a reverse Kairmain street is generated in the wake
of a flapping foil, and a cross section of velocity in the wake exhibits a jet profile, as
seen in part (b) of figure 2-7. In the case of energy extraction, the flapping motion
of the foil produces a drag wake similar to the Kirmin vortex street observed in the
wake of a cylinder placed in a free stream. If a cross section of velocity is taken in
the wake of a flapping foil operating in energy extraction mode, a distinct velocity
deficit will be observed, as see in part (a) of figure 2-7. The velocity deficit in the
wake of the flapping foil generator represents a reduction in the kinetic energy of the
flow, energy that is harvested by the heaving motion of the flapping foil device.
u(Y)
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Figure 2-7: The drag wake of an energy extracting flapping foil (a) displays similar
form to the Kairmain vortex street observed in the wake of a cylinder in a free stream.
The thrust producing wake (b) produced by a flapping foil displays a reverse Kirmin
street structure (adopted from [18]).
The vortex wake structure produced by a flapping foil is highly dependent on
both angle of attack and frequency of oscillation. Work by Simpson has shown that
depending on the reduced velocity and maximum angle of attack of a flapping foil,
multiple vortex shedding modes can be achieved, as seen in figure 2-8.
Simpson found that energy extraction was possible for every case where a 2P shed-
ding mode was observed. The 2P shedding mode is characterized by the formation of
two counterrotating vortices per half cycle of the foil motion. High angles of attack
produce a strong LEV that is capable of entraining fluid from the opposite side of the
foil into a second, smaller, counterrotating vortex that rotates around the primary
vortex core. Work has shown that a primary factor in the ability of a flapping foil to
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Figure 2-8: well defined trends in the vortex wakes produced by flapping foils appear
when parameterized by reduced frequency and maximum angle of attack (adopted
from [18]).
efficiently extract energy from a field is the synchronization of the LEV shedding and
the foil pitching motions ([18] ,[26]).
2.2.2 Near-Body Vorticity
When undergoing a combined heaving and pitching motion, vorticity is generated on
the surface of a flapping foil, and subsequently shed into the foil's wake. For high
pitching angle motions typical of energy extraction cases, a strong LEV is generated
and travels back along the foil before being shed off of the trailing edge. Because
vortices are regions of low pressure compared to the surrounding fluid, the presence
of a LEV exerts both a force and a moment on the foil. The synchronization of
LEV shedding with the foil pitching motions is vital in achieving optimal energy
extraction efficiency [26]. In the optimal case, the counterclockwise pitching moment
caused by the presence of a shed LEV near the foil trailing edge coincides with
the counterclockwise pitching motion of the foil, as seen in figure 2-9. When this
synchronization is achieved, energy is transferred from the flow field into the system.
For a flapping foil system where the foil pitching motion is actuated, and the heave
motion is free, synchronization reduces the energy required to actuate the pitching
motion, increasing the overall system efficiency when calculated as in equation (2.6).
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Figure 2-9: Optimal synchronization between L EV shedding and foil pitching motions
are achieved when the counterclockwise moment induced by the vortex low pressure
region coincides with the counterclockwise pitching of the foil. The strong LEV
remains above the foil throughout the pitching motion, and reached the trailing edge
as the foil reaches the maximum of its pitching motion. The simulation above was
performed with a,, = 45' and f,=0.628 (adopted from [26]).
P =PO - P7, ( 2.5)
P
r/ = (2.6)
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In addition to the beneficial moment exerted by the shed LEV, optimal synchro-
nization between the LEV shedding and foil motion can contribute an additional lift
force on the foil. When a LEV is detached from the foil, the presence of the low pres-
sure region above the foil contributes a transient lifting force, as seen in figure 2-10.
While this additional force is short lived, it is a further example of energy from the
fluid being transferred back to the mechanical system when optimal synchronization
is achieved.
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Figure 2-10: The force, moment, and thrust are shown on a stationary foil as a single
vortex passes over it using a potential flow simulation. The lift (solid line) shows a
marked increase as the vortex passes above the foil, and is at a maximum as the vortex
nears the foil trailing edge. The moment (dashed line) also shows large variations as
the foil transits from the leading to trailing edge (adopted from [22]).
Chapter 3
Experimental Setup
3.1 Instrumented Hydrofoil
In order to detect vortices shed from the leading edge of a hydrofoil, it was desired
to construct a foil with pressure taps at discrete locations along the foil chord-wise
direction. After investigating many sensor options, it became apparent that exist-
ing sensor technology was lacking for the desired application. Two sensor options
were determined to be practical for a hydrofoil application. The first option was to
search for waterproof sensors that could be mounted directly on the foil's surface.
While this option would make fabrication of the foil, as well as sensor maintenance
and replacement simple, few waterproof options were available with the desired range
and sensitivity. Disposable waterproof sensors designed for monitoring blood pressure
were considered, as well as conducting ink based devices, amongst others. Unfortu-
nately, the blood pressure sensors required amplification circuitry that eliminated the
gains of the waterproof construction, and the conductive ink sensors were found to
react poorly to changes in hydrostatic pressure.
The second option for sensing was to use non-waterproof sensors connected to
taps on the foil with plastic tubing. Initial experiments using this method revealed
that significant noise was present in the pressure signals if the transmission tubes
were allowed to vibrate. In order to combat vibrations of the tubing, as well as to
ensure the sensors remained above water, it was decided to mount sensors directly on
the foil tip, and to mold tubes within the foil itself to eliminate vibrations.
Honeywell 19mm series pressure sensors (#19CO15PG4K), as seen in figure 3-1(b),
were chosen for the instrumented foil. The sensors were used for previous experiments
in vortex detection and tracking within the Towing Tank Lab, and had proven to be
both sensitive and robust. The Honeywell sensors had a range of 0 to 15 psig, and an
output of 100 millivolts. The output signals were amplified 1000 times using AD 620
instrumentation amplifiers, as seen in 3-1(a). Care was taken to ensure un-shielded
cable runs between the sensors and amplification circuitry were kept to a minimum
in order to reduce electromagnetic noise in the pressure signals. Data acquisition was
accomplished using a National Instruments USB-6289 data acquisition board and
National Instruments Labview software.
(a) Honeywell 19mm pressure sensors (b) The Honeywell 19mm pressure
were connected to amplification circuitry sensors used in the instrumented foil
composed of AD 620 instrumentation am- experiments were packaged in stain-
plifiers. Power was provided to the sensors less steel cases and had a male 1/8"
using a pair of 12v batteries. 27 NPT port for connecting to the
foil.
Figure 3-1: Honeywell 19mm series pressure sensors were mounted directly on the foil
tip, and connected to taps on the foil surface using tubing within the foil.
In order to accommodate an array of four sensors on top of the foil, a chord length
of 15 cm, and a NACA 0018 foil profile, was chosen for the experiments. A foil span
of 60 cm was used for the test section, giving an aspect ratio of four. Pressure taps
were located at four discrete locations along the chord-wise direction at the mid-span
of the foil, as shown in figure 3-2.
The instrumented foil was molded using Smooth-Cast 385 mineral filled urethane
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Figure 3-2: Pressure taps were located at four discrete locations along the chord-wise
direction of the foil as denoted by the red diamonds. The foil pitching point was
located at c/4 as denoted by the blue circle.
casting resin from Smooth-On Inc. The epoxy was chosen because it is very rigid
and machinable when set (85D Shore hardness), and cured at room temperature with
very little volumetric change. The rigid urethane allowed for the top of the foil to be
1/8" 27 NPT tapped to accept the threaded pressure sensors.
The foil mold was CNC machined from delrin, and allowed for placing of the
pressure transmission tubes before the urethane casting material was poured. Flexible
PVC pressure transmission tubes were held in place during the molding process by a
pair of delrin ribs, as shown in 3-3(a).
3.2 CENSAM Testing Tank
3.2.1 Tank Details
The testing tank for the Center for Environmental Sensing and Modeling was located
in the SMART Center at the National University of Singapore. Designed with pres-
sure sensor experiments in mind, the tank has dimensions 3.6 x 1.2 x 1.2 meters as
seen in 3-4(a). The tank is constructed of 19 mm acrylic sheets on the long sides, and
25mm acrylic sheets along the short sides.
(a) Interior of delrin mold showing termination of
pressure transmission tubes at foil surface. Delrin
ribs held the pressure tubes away from the mold
surface during the urethane pouring process.
(b) Upper half of the foil mold showing pressure
tubes, ribs, and pitch axis in place prior to pour-
ing urethane.
Figure 3-3: The experimental foil was constructed using rigid urethane casting resin
in a delrin mold. Internal PVC tubes allowed for the transmission of pressure on the
foil surface to sensors mounted on top of the apparatus.
3.2.2 Motion Control
Motion control for the CENSAM testing tank was accomplished using an x-y gantry
system supplied by Parker Hannifin Corporation, and controlled using Parker motor
controllers and proprietary motion control software. Translational velocities for the
tank were limited to 0.5 m/s, and it was found during testing that certain velocities
created noticeable vibrations which added significant noise to measured pressure sig-
nals. Vibrations in the gantry were attributed to slide-bearings on the translating
(a) The CENSAM testing tank at the National (b) Z-axis motor mounted on the tank gantry
University of Singapore. Tank dimensions are allowed for foil motions in pitch.
3.6 x 1.2 x 1.2 meters.
Figure 3-4: The CENSAM testing tank, located at the SMART center at the National
University of Singapore, was designed with pressure sensor experiments in mind, and
has an x-y gantry that allowed models to be moved throughout the tank.
stage which had a tendency to bind when under large torques from the cantilevered
foil. Further details of the data processing used to alleviate the effects of this noise
will be discussed in the data processing section.
The instrumented foil was mounted to the x-y gantry using a cantilever, as shown
in figure 3-5. Between the cantilevered beam and the foil were an ATI six-axis force
transducer used to measure the forces and moments on the foil, and a Parker motor
allowing for control of rotation about the z-axis, as seen in figures 3-4(b) and 3-6.
3.3 Force Sensor
To accurately capture the forces and moments acting on the foil, a Gamma model six-
axis force sensor from ATI Industrial Automation was used, as seen in figure 3-7. The
chosen sensor had an SI-130-10 calibration, giving sensing ranges and resolution as
shown in table 3.1. A complete calibration matrix was included with the force sensor,
and trials with known weights were used to verify the provided calibration constants.
It was found that the existing calibration constants allowed for accurate measurements
of the known weights, and no additional calibration was performed. Data acquisition
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Figure 3-5: The instrumented hydrofoil was mounted to the tank's x-y gantry using
a cantilevered beam. A six-axis force sensor recorded all forces and moments on the
foil, while a motor mounted along the z-axis provided control of the foil in pitch.
was accomplished using a National Instruments USB-6289 data acquisition board and
National Instruments Labview software.
Table 3.1: Gamma Series SI-130-10 Calibration
Sensing Ranges Resolution
Fx, Fy Fz TX , TY Tz FzI Fy Fz T , TyT
130 N 400 N 10 N-m 10 N-m 1/40 N 1/20 N 1/800 N-m 1/800 N-m
3.4 PIV
Particle image velocimetry (PIV) measurements were an important method of verify-
ing the flow structures associated with measured pressure signals. PIV relies on the
imaging of particles suspended in the flow field using a high speed digital camera, and
illuminated using a thin, high-intensity laser sheet. By illuminating only a thin sheet
of the flow field, PIV images represent a 2-D picture of the fluid flow. Post-processing
Figure 3-6: Close up view of the force sensor (A), pitch motor (B), and instrumented
foil shaft coupling (C).
is done on the images using correlation software to create a vector field that can be
used for visualization or calculation of flow characteristics.
3.4.1 PIV Components
Imaging was accomplished at CENSAM using a Phantom V1O high-speed camera
from Vision Research Inc. purchased specifically for 2-D PIV, as seen in figure 3-
8(a). Three lenses were available for the camera ranging from 20 mm to 50 mm.
Both the 20 and 35 mm lenses were used during the experimental program, and it
was found that the 35 mm lens provided the largest frame size while capturing the
details of the near-body vorticity. The camera is capable of taking full resolution
images of four megapixels at a frequency of 500 frames per second. For the foil
experiments, frame rates were limited to 100 and 200 hz, and exposure times between
1000 and 3000 milliseconds.
Proprietary Phantom 663 software allowed for camera settings to be adjusted, as
well as enabled manual triggering of the camera. In order to accurately compare PIV
and pressure measurements, optical switches on the tank were used to trigger image
capture by the Phantom camera. The optical switches were tripped by the motion of
Figure 3-7: The ATI Industrial Automation Gamma force sensor.
the x-y gantry, and state of the switch was recorded along with the pressure measure-
ments, allowing for imaged flow structures to be matched with their corresponding
pressure signals.
Illumination for the 2-D PIV was provided by a 532 nm green continuous wave
laser located in a neighboring lab. Instead of moving the laser each time illumination
was required, a fiber optic was installed between the two lab spaces, allowing the laser
head to be moved to a variety of locations around the testing tank, as seen in 3-8(b).
A thin laser sheet was formed using a cylindrical lens, allowing illumination of a 2-D
plane of the flow.
3.4.2 PIV Techniques
When performing PIV imaging, care must be taken to ensure accurate results. Of
primary concern with the PIV setup was ensuring that the laser sheet was as thin
as possible, and parallel to the free surface in order to capture a 2-D image. The
alignment of the laser sheet with the free surface was ensured by simply measuring
the vertical position of the sheet as it entered the tank. Similarly, the thickness was
minimized by altering the position of the cylindrical lens in relation to the fiber optic
terminal.
(a) The Phantom V10 high-speed digital cam- (b) Illumination for PIV was provided by a
era used for PIV was located on a tripod be- continuous green laser located in a neighboring
neath the tank. The camera was able to cap- lab. A fiber optic cable was installed between
ture 813 full resolution images at 500 frames the labs and the a cylindrical lens was used to
per second. create a thin laser sheet in the tank.
Figure 3-8: PIV imaging was an important component of the experimental program,
allowing comparison between flow structures and pressure signals.
An additional concern when setting up for PIV imaging was the position and
alignment of the Phantom V1O camera. Because the camera was stationary beneath
the tank, the position of the camera was adjusted to ensure the desired flow structures
were captured within the camera frame. While the small tripod holding the camera
allowed for easy adjustment of the camera position beneath the tank, it also required
special care to be taken to ensure the camera lens was parallel to the bottom of the
tank to reduce image distortion. A calibration image of a meter stick suspended in
the tank parallel to the free surface was taken for each camera position. This image
was then used within the PIV processing software to set the length scale of the imaged
flows.
Processing of the PIV images was done at the SMART center in Singapore us-
ing Insight 3G software, and at MIT in Boston using DaVision Imaging Software
from LaVision. In each case, the software divided the full size images into smaller
interrogation windows, and then used correlation techniques between frames and in-
terrogation windows to calculate the corresponding vector field. The Phantom V1O
had a frame size of 2,400 by 1,800 pixels, and during the PIV processing frames were
divided into square interrogation windows of between 128 and 32 pixels. A recursive,
multi-pass process was used, where the velocity field evaluated using a large inter-
rogation window on the first pass was refined using smaller interrogation windows
on subsequent passes. The DaVision software used at MIT also allowed for overlap
between interrogation windows, allowing a denser vector field to be created without
resorting to smaller interrogation window.
Vorticity was calculated by taking the curl of the velocity field found from PIV, as
shown in equation (3.1). Calculations were done using MATLAB software from the
MathWorks inc. and the PIVMat toolbox. The PIVMat toolbox contained a set of
functions to allow for the handling and processing of large numbers of files containing
large vector fields.
WPIV = V X (3-1)
Chapter 4
Results
4.1 Steady Angle of Attack Experiments
Initial experiments with the instrumented foil were conducted for the case of a steady
angle of attack in a uniform flow. Although simple in approach, these experiments
allowed for the study of the formation and shedding of an LEV from a foil at a high
angle of attack. Experiments were conducted at an angle of attack of 350, well past
the point of stall for the NACA 0018 foil section [7]. Trials were performed at a range
of velocities, as shown in table 4.1.
Table 4.1: Steady Angle of Attack Parameter Space
Angle of Attack Velocity Trials
0 m/s #
35 100 3
35 150 3
35 200 3
35 250 3
35 300 3
35 350 3
35 400 3
35 450 3
4.1.1 Pressure Measurements
Data Processing
Of primary interest when conducting the steady angle of attack experiments was the
pressure field surrounding the body. Because of vibrations present in the x-y gantry
system, as well as electrical noise from the gantry control motors, it was found that the
pressure measurements were plagued by a significant amount of noise, as seen in figure
4-1(a). Mechanical vibrations in the system were attributed both to the slide bearings
on which the x-y gantry rode, and the flexibility of the foil's shaft. While efforts were
taken to reduce mechanical vibrations, it was impossible to eliminate them completely
due to the cantilever support for the foil, and the necessity to mount the foil on a
single shaft. Electrical noise was found to be in large part due to the operation of
the servo motors controlling the position of the carriage. The motor controlling y-
direction was turned off during the steady AOA experiments in an attempt to reduce
electrical interference. Inspecting the frequency components of the pressure signals,
it was observed that major contributions could be seen at 15-20 hz and 0-5 hz, as
seen in figure 4-1(b).
It was suspected that if LEV shedding occured during the experiments, it would
have occured at a frequency similar to that predicted for circular cylinders using the
Strouhal number, as given in equation (4.1).
S fL (4.1)U
For the case of the foil, the significant length, L, was taken to be the foil chord, c.
For cylinders in a laminar flow, the Strouhal number associated with vortex shedding
is regime dependent on the Reynold's number, as given as in (4.2).
Re =UL (4.2)
For the steady AOA experiments, the Reynolds number was found to range from
15,000-75,000, all within the 800-200,000 range associated with laminar flows. The
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(a) Raw pressure signals contained a substantial amount of high frequency
noise due to both mechanical vibrations in the experimental setup, and elec-
trical interference from the tank motion control components.
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(b) The power spectrum for the raw signal shows major frequency contribu-
tions in the 0-5 hz range and the 15-25 hz range. It was assumed that the
vortex signals of interest fell within the low frequency band below 5 hz.
Figure 4-1: Pressure sensor signals were plagued by high frequency noise from me-
chanical and electrical sources. Following an analysis of the frequency content of the
signals, it was decided to filter at 7 hz.
-
Strouhal number was therefore approximated to be 0.2, the value commonly used
for circular cylinders in laminar flows. Using the definition of the Strouhal number
given in equation (4.1), the frequency of vortex shedding was estimated to be between
0.13-0.67 hz.
Recognizing that the calculation of shedding frequency was only an estimate, it
was still clear that the frequency content of interest for LEV shedding was within the
low frequency band of 0-5 hz. Therefore, it was decided to filter the data using a
Butterworth filter implemented in Matlab software with a cutoff frequency of 7 hz,
as seen in figure 4-2.
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Figure 4-2: Pressure sensor data was filtered at
associated with the low frequency LEV shedding.
7 hz, retaining only the content
Pressure Variations with Velocity
During the steady angle of attack experiments, the foil was held at a constant pitch
angle of 35'. Because the motion was a steady translation, the AOA also remained
steady at 35'. The velocity was varied from 0.1-0.45 m/s throughout the trials, as
shown in table 4.1. For each trial, the foil was started from rest and accelerated to the
desired free stream velocity, at which it traversed the remaining length of the tank.
Due to the limited length of the CENSAM testing tank, transient effects during the
acceleration portion of the motion were non-negligible in the recorded pressure data.
At the lowest translational speed of 0.1 m/s, no vortex shedding was apparent
in the pressure signals, as seen in figure 4-3. A noticeable transient dip in pressure
is discernible coinciding with the start of the carriage motion at approximately 7
seconds, consistent with the acceleration portion of the foil motion. The drop in
pressure on all four sensors throughout the run was an initial cause of concern for the
experiments. It was determined, however, that the floor of the lab on which the tank
is placed is slanted, causing a variation in hydrostatic pressure as the foil traveled the
length of the tank. This variation in hydrostatic pressure was found to have negligible
impact on detection of LEV shedding during higher velocity measurements, and was
of little concern during the experimental program.
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Figure 4-3: Pressure sensor results for steady angle of attack at U=0.1 Im/s. The
pressure traces clearly showed a variation in hydrostatic pressure due to the slope of
the CENSAM testing tank.
As the free stream velocity was increased, a distinct drop in pressure consistent
with the presence of a shed vortex was noticeable in the pressure data, as seen in figure
4-4. Focusing on the region of the first substantial drop in pressure, it is apparent
that the drop occurs sequentially on the first three pressure taps, with a decrease
in magnitude at each sensor location. While a small dip is present on the fourth
sensor location, it is much less apparent than on the first three sensors. Because the
large pressure dip occurred very soon after the motion began, it was believed that
the decrease in pressure was due to the formation and shedding of a starting LEV.
The LEV is formed as the foil accelerates, and as it sheds moves back along the foil
towards the trailing edge. The movement of the LEV along the foil and eventually
into the wake explained the progression of the pressure trough from the first to the
third sensor. Additionally, the decrease in the pressure magnitude on subsequent
sensors was attributed to the increased distance from the shed LEV to the pressure
taps due to the high pitch angle of the foil.
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Figure 4-4: Pressure sensor results for steady angle of attack at U = 0.2 m/s. The
large pressure drop observed sequentially on pressure sensors 1-3 was attributed to
the formation and shedding of a strong LEV starting vortex.
At higher velocities, the shape of the pressure traces remained the same, with
a strong low pressure region being observed moving along the chord-wise length of
the foil. The magnitude of the pressure drop was found to be proportional to the
velocity of the foil, consistent with the generation of a LEV. For higher velocity runs,
second shedding cycles were often observed, although the magnitude of the pressure
drop associated with a non-starting vortex was found to be much smaller than the
starting vortex, as seen in figure 4-5. Also, it was observed that while the formation
and shedding of the LEV starting vortex was very consistent across multiple trials,
the magnitude of the subsequent shed vortex was much less consistent.
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Figure 4-5: The magnitude of the pressure dip associated with the LEV starting
vortex was found to be proportional to the free stream velocity, as shown for the case
at U - 0.35 m/s. A second pressure dip is observed at approximately 14.5s and is
indicative of the second cycle of vortex shedding.
4.1.2 Steady AOA PIV Experiments
In order to verify the low pressure regions observed in the pressure signals were due to
the formation and shedding of a LEV starting vortex, PIV was performed on the foil.
Because the experimental setup in Singapore was limited to a fixed camera position
while conducting PIV, the camera position was chosen to capture the shedding of
the initial starting vortex, but not subsequent shedding events, as seen in figure 4-7.
Additionally, in order to ensure the proper syncing between pressure sensor data and
PIV, an optical switch was used to trigger the Phantom V10 camera and allow the
time of triggering to be recorded in Labview along with the pressure sensor data, as
seen in figure 4-6(b).
Results from PIV experiments confirmed the presence of a shed LEV near the foil
(a) An optical sensor was used to trigger the Phantom
V10 camera used for PIV, allowing the pressure data and
PIV results to be synchronized
Filtered Run With Trigger Position
0.2
-1
0.1 2
-3
-4
0 P- Trigger
2S -01
-0.2-
-0.3
-0.4-
-0.5
6 7 8 9 10 11 12
Tirne [s]
(b) The voltage output of the optical sensor was captured using the NI USB-
6289 DAQ board and recorded along with the pressure sensor output using
Labview software. The triggering of the Phantom V10 camera occurred when
the trigger voltage went to zero.
Figure 4-6: An optical trigger was used to coordinate PIV and pressure sensor data.
during steady AOA experiments. Figure 4-8 shows PIV results for the foil at 0 = 350
and U = 300 m/s. In figure 4-8(a) vorticity is confined to near the stagnation point at
the leading edge of the foil. While a region of high pressure is typically associated with
the stagnation point near the leading edge of the foil in the absence of separation, the
pressure trace corresponding to the frame exhibits a strong pressure drop on sensor
one, which was located closest to the leading edge as denoted by the red stars. As the
Laser head
and optics
I~
X-Y Gantry
and Foil
Fixed
Camera
(a) Top view of the experimental setup used for conducting PIV experiments
with the instrumented foil.
Gantry and Foil
Fixed
camera
(b) Sideview of the experimental setup for PIV with the foil show-
ing the position of the camera beneath the tank, arid the location
of the laser plane.
Figure 4-7: PIV was used along with the instrumented foil to verify the location of
shed vortex structures.
run progressed, the LEV grew and began to separate from the surface of the foil, as
seen in figure 4-8(b). The magnitude of the pressure drop on sensor one was reduced
as the LEV traveled along the surface of the foil, and the presence of the vortex grew
noticeably on the the second sensor location. In frame 350, the shed LEV appeared
as a strong and well defined vortex near the surface of the foil, and adjacent from the
second sensor location, as seen in figure 4-8(c). Despite progression of the vortex away
from the foil surface, PIV revealed that the vortex still appeared to be connected to,
and gaining vorticity from, the foil boundary layer near the leading edge, as seen in
figure 4-8(c). Pressure measurements at the time of frame 350 clearly show a negative
peak in the pressure trace for sensor two, and the distance of the vortex away from
the foil surface was responsible for a noticeable reduction in the amplitude of the
pressure drop.
A smaller, but noticeable, increase in pressure was also present in the trace for
the third sensor location. Considering the PIV images, it was reasonable to associate
this increase in pressure to flow incident on the foil at the third tap location due to
the presence of the foil upstream of the tap. The velocity vector field for the same
frame supported this conclusion, showing velocity vectors incident to the foil surface
near the third pressure tap, creating a stagnation pressure at the foil surface, as seen
in figure 4-9.
In the final PIV frame, the shed LEV was beginning to lose its structure and
become much more diffuse. While a low pressure peak is clearly visible in figure 4-
8(d), the magnitude of the peak was lower than in previous frames, both due to the
distance of the vortex from the foil, and the diffusion of the vortex. In addition to the
shed LEV, a region of negative vorticity developed near the surface of the foil, and
the velocity vector field revealed a region of recirculating flow adjacent to the foil, as
seen in figure 4-10.
PIV imaging provided confirmation that the distinct low pressure regions observed
sequentially on each pressure sensor location were due to the presence of a shed vortex.
While the length of the testing tank limited experiments to primarily investigating
the starting vortex, the shape and progression of the pressure signatures created by
successive shed vortices was similar, although the amplitude was found to be smaller.
Experience with experiments at steady AOA provided the necessary foundation to
investigate LEV shedding for the case of a sinusoidally heaving and pitching foil.
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Figure 4-9: Velocity vectors are incident to the foil near the third pressure tap due
to the presence of a shed LEV upstream. The incident velocity creates a stagnation
pressure which leads to a small peak in the third pressure trace while the second trace
is minimum.
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Figure 4-10: The velocity vector field near the foil as the LEV separates and diffuses
shows a recirculation zone near the foil surface.
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4.1.3 Steady AOA Force Measurements
Along with pressure and PIV measurements, the forces and moments acting on the
foil were recorded during all trials. For the case of ocean energy extraction, both the
lifting force and torque acting on the foil are vital to achieving optimal extraction
efficiencies. It was expected that the lifting force would experience transient increases
when in the vicinity of a shed vortex, as shown in figure 2-10. The primary forces on
the foil were the lift and drag forces, as well as the foil pitching moment, as shown in
figure 4-11.
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Figure 4-11: The primary forces acting on the foil were the lift and drag forces, as
well as the foil pitching moment.
Lift Force
It was expected that the magnitude of the transient lift force due to the presence
of a shed vortex would be directly related to the strength of the vortex being shed.
Previously, it was shown that the magnitude of the pressure drop measured on the
surface of the foil increased as the free stream velocity was increased. It was theorized
that this increased pressure magnitude was due to the formation of a stronger and
more distinct LEV. Drawing from these findings, it was expected that any transient
lift forces experienced by the foil would be small for small translational velocities,
and increase proportionally with velocity.
For the lowest free stream velocity, no vortex shedding was apparent in the pressure
signals, as seen in figure 4-3. When the lift force was plotted along with the pressure
signals, it was apparent that following initial fluctuations as the foil was accelerated
to 0.10 m/s, the lift force reached a steady value of ~ 0.25 N, as seen in figure 4-12.
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Figure 4-12: When plotted along
for low free stream velocities, no
to LEV shedding.
with the pressure sensor signals, it is apparent that
transient lift force (purple line) is experienced due
When the free stream velocity was increased to 0.20 m./s, the presence of LEV
shedding was clearly visible, as seen in figure 4-4. Plotting the lift force along with
the pressure sensor data in figure 4-13 revealed that a noticeable increase in lift force
took place during the period from 4-7 seconds where a shed LEV was near the foil.
Additionally, a smaller increase in lift force was visible between 8-10 seconds where a
second vortex shedding cycle was present in the pressure sensor data. In the absence
of the transient lift increases due to the shed vortices, the lift force on the foil was
shown to be ~ 1.75 N.
It is necessary to recognize that the increase in lift force early in the trial may
have been an added mass force due to the acceleration of the foil. While this was
certainly possible, during the steady angle of attack experiments the acceleration of
the x-y gantry was set to A = 0.5 m/s 2 . With an acceleration of A = 0.5 m/s 2 , the
foil reached U = 0.2 m/s after only 0.4 seconds. Considering figure 4-13, it was clear
that the transient increases in lift forces were present for an order of magnitude of
time greater than that consistent with a force due merely to added mass.
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Figure 4-13: The pressure and lift force traces for U=0.20 m/s show transient increases
in loft force during the periods where a shed LEV is near the foil surface.
The lift force for the case of U = 0.35 m/s follows the same trend as the pressure
signals- increasing proportionally to the free stream velocity. Just as in the U = 0.2
n/s case, the transient increase in lift force appeared during the same period of time
a shed LEV was present near the foil surface as indicated by the pressure signals
in figure 4-14. For the U = 0.35 m/s case the lift approached a steady value of
4N, but the length of the CENSAM testing tank restricted the ability to observe
subsequent shedding events to verify the lift force always returned to approximately
the same value.
Pitching Moment
In addition to the transient lift force exerted by a shed LEV, a pitching moment
was exerted on the foil, as shown in figure 2-10. The synchronization of the pitching
moment due to the shed LEV, and the pitching motion of the foil, can have a sub-
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Figure 4-14: The pressure and lift force traces for U 0.35 m/s confirm that the
transient lift force is proportional to free stream velocity as observed for the pressure
variations.
stantial effect on the power required to actuate the foil oscillations, and subsequently
the efficiency of the energy extraction system, as given by equation (2.6). While
the synchronization between foil pitching moment and the foil motions could not be
studied using the steady AOA experiments, the presence of the added moment was
investigated and compared to the corresponding pressure sensor traces.
Just as the a transient lift force was not observed for U = 0.10 m/s, no noticeable
variation in pitching moment was observed, as seen in figure 4-15. The torque about
the z-axis was found to be approximately zero throughout the entire trial, showing
the lack of a moment due to a shed LEV, and also that the foil axis located at ' from4
the leading edge was approximately at the hydrodynamic center.
At U = 0.20 m/s, a noticeable change in the pitching moment due to the shed
LEV was present, as seen in figure 4-16. The initial positive spike in the pitching
moment (purple line) was due to the acceleration of the foil, explaining both its large
magnitude and short duration. Following the initial spike, the large drop in pitching
moment can be attributed to the presence of the LEV positioned close to the foil
leading edge. The presence of the vortex in front of the pitching point contributed a
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Figure 4-15: At U = 0.10 rn/s the pitching moment on the foil remained constant,
consistent with the lack of a shed LEV.
negative moment, as seen in figure 4-11. For the case presented, the pitching moment
went slightly negative, suggesting that the moment had a mean positive value, and
that the large depression approaching zero torque was in fact due to the presence of
the vortex.
As the vortex continued to progress along the length of the foil, as shown by the
pressure traces on the second and third sensors, the pitching moment was observed
to increase, reaching a maximum as the vortex was adjacent to the third pressure
tap location. This trend was consistent with the low pressure region being positioned
behind the pitching point of the foil, and therefore contributing a positive moment. A
second increase in pitching moment between 8 and 10 seconds appeared to coordinate
with a second shedding cycle in the pressure traces, reinforcing the observations from
the first shedding event.
In much the same way that the pressure fluctuations and transient lift force mag-
nitude increased with free stream velocity, the magnitude of the pitching moment
increased as well, as seen in figure 4-17. The time history of the pitching moment
for the U = 0.35 m/s case displayed similar characteristics as the U = 0.2 m/s case,
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Figure 4-16: At U = 0.20 m/s
consistent with the presence of
edge.
8 10 12 14 16
Time [s]
the pitching moment on
a shed LEV translating
Pressure and Pitching Moment
the foil showed fluctuations
from the leading to trailing
10 12 14 16 18 20
Time [s]
Figure 4-17: At U = 0.35 m/s the pitching moment on the foil showed fluctuations
similar to that at U = 0.20 m/s, but the magnitude was greater.
starting with a spike in the moment during the acceleration phase of the foil motion,
then falling off while the shed LEV was located near the leading edge. The pitching
moment then grew as the vortex moved along the length of the foil. Several smaller
increases in the pitching moment were also present, suggesting additional vortices
were shed during the run, as supported by the pressure measurements between 14
and 15 seconds.
4.2 Flapping Foil Experiments
4.2.1 Parameter Space
Flapping foil experiments were conducted with the instrumented hydrofoil using si-
nusoidal heaving and pitching profiles as given in equations (2.1) and (2.2). For each
trial, the heave amplitude, he was chosen as 150 cm, giving k = 1. In each case,
the phase difference between heaving and pitching, @, was chosen to be 90'. Motion
parameters were chosen to fall within the region identified by Simpson for the 2P
shedding mode, as seen in figure 2-8. Simpson parametrized his experiments by max-
imum pitching angle, 00, and reduced frequency, f,, where f, was given by equation
(4.3).
fr =fc (4.3)U
The maximum pitching angle, O was varied between 30 and 65 degrees, and free
stream velocity and oscillation frequency were chosen to achieve reduced frequencies
of 0.15, 0.10, and 0.19, as seen in tables 4.2, 4.3, and 4.4.
Table 4.2: f, = 0.15
Pitching Angle Velocity Frequency Trials
m/s hz #
30 0.20 0.20 3
35 0.20 0.20 3
40 0.20 0.20 3
45 0.20 0.20 3
50 0.20 0.20 3
55 0.20 0.20 3
60 0.20 0.20 3
65 0.20 0.20 3
Table 4.3: fr = 0.10
Pitching Angle Velocity Frequency Trials
Sm/s hz #
30 0.30 0.20 3
35 0.30 0.20 3
40 0.30 0.20 3
45 0.30 0.20 3
50 0.30 0.20 3
55 0.30 0.20 3
60 0.30 0.20 3
65 0.30 0.20 3
Table 4.4: fr 0.19
Pitching Angle Velocity Frequency Trials
Sm/s hz #
30 0.20 0.25 3
35 0.20 0.25 3
40 0.20 0.25 3
45 0.20 0.25 3
50 0.20 0.25 3
55 0.20 0.25 3
60 0.20 0.25 3
65 0.20 0.25 3
Because of limitations in the motion control software for the CENSAM testing
tank, experiments were limited to sinusoidal heave and pitch profiles. Each experi-
ment was started with an initial phase offset of , with the foil at maximum heave2'
and zero pitching angle. Motion profiles were also designed to inhibit the pitching
and heaving motion until the foil had reached steady free stream velocity to minimize
transient effects on the results.
For the experiments with f, 0.1 and f, = 0.19, each trial consisted of two
complete flapping cycles, or 47 radians. For the case of f, = 0.15, the length of
the testing tank limited the trials to 1.5 flapping cycles, or 37r radians. Because
the pressure sensor taps were only located on one side of the foil, sensors alternated
between being on the low and high pressure side of the foil, causing the pressure
traces to take on a nearly sinusoidal shape.
4.2.2 Pressure Measurements at fr = 0.15
As outlined by Simpson in [18], using sinusoidal heave and pitch profiles led to non-
sinusoidal angle of attack profiles, as seen in figure 4-18. Because non-sinusoidal AOA
profiles could not be avoided during the flapping foil experiments, the possibility of
extraneous vortex generation was viewed as an opportunity to detect these vortex
shedding events using pressure sensing alone.
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Figure 4-18: Plotting the AOA profiles for f, = 0.15 showed the large non-sinusoidal
variations as maximum pitching angle is increased.
Of particular interest when considering the AOA profiles in figure 4-18 was the
change in sign of the AOA as the maximum pitch angle was increased from 300 - 65'.
Additionally, it was noted that the maximum AOA, ao, was minimum for intermediate
values of pitching angle.
When the filtered pressure traces for the flapping foil experiments at fr 0.15
were considered, it was immediately clear that a, had a significant impact on the
magnitude of pressure variation on the foil surface, as seen in figures 4-19, 4-20,
4-21, and 4-22. The greatest pressure amplitudes were observed for the extreme
values of O, where the foil AOA was greatest, as seen in figures 4-19, and 4-22. For
the intermediate cases where the 0o was 40 and 50 degrees, and a, was small, the
pressure fluctuations were much smaller, as seen in figures 4-20, and 4-21.
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Figure 4-19: Pressure measurements for f, = 0.15, 0o 30'.
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Figure 4-20: Pressure measurements for f, - 0.15, 00 = 40'.
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Figure 4-21: Pressure measurements for f - 0.15, 00= 500.
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Figure 4-22: Pressure measurements for fr 0.15, 00 60'.
4.2.3 Pressure Measurements at f, = 0.10
Unlike the AOA profiles at f, = 0.15 which varied substantially as the maximum
pitching angle was varied, the profile variations for fr 0.10 were much less drastic,
as seen in figure 4-23.
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Figure 4-23: Plotting the AOA profiles for f, = 0.10 showed substantially less varia-
tion than at f, = 0.15.
The most apparent difference between the experiments at f, = 0.15 and f, 0.10
was the magnitude of the pressure variations experienced on the foil, especially at the
first pressure sensor location. For the case of f, = 0.15, a maximum pressure drop
of ~ 250 pa was observed on the first sensor location for the case with 30' maximum
pitching angle. Comparing the equivalent case at f, = 0.10, the pressure drop on the
first sensor was found to be ~ 500 pa, twice that of the f, = 0.15 case.
The drastic change in the magnitude of the pressure drop can be associated with
the change in carriage (free stream) velocity between cases. For the case of f, = 0.15,
experiments were conducted at U = 0.20 m/s, and f=0.2 hz. In order to reduce the
reduced frequency to f, = 0.10, the carriage velocity was increased to 0.3 m/s, while
the frequency of oscillation remained the same for both cases. The sharp increase in
the magnitude of pressure variation observed suggest that the pressure distribution
on the foil surface is especially sensitive to the magnitude of the free stream velocity,
with the velocity potentially playing a greater role than the frequency of oscillation.
In order to investigate the effect of velocity vs. frequency further, additional trials
were conducted with U = 0.20 m/s, but with the frequency of oscillation increased
to f=0.25 hz.
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Figure 4-24: Pressure measurements for f = 0.10, 00 300.
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Figure 4-25: Pressure measurements for fr 0.10, 00= 400.
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Figure 4-26: Pressure measurements for fr 0.10, O,= 50'.
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Figure 4-27: Pressure measurements for fr 0.10, Oc = 60'.
4.2.4 Pressure Measurements fr = 0.19
Returning the free stream velocity of the foil to 0.20 m/s, but increasing the frequency
of oscillation to 0.25 hz gave f, = 0.19. While slightly outside the optimal range given
by Simpson in ??, the trials helped investigate the relationship between pressure
distributions on the foil, and input motion parameters. Considering the AOA profiles
for the f, = 0.19 case, as seen in 4-28, it was observed that the profiles varied
dramatically across the range of maximum pitch amplitudes, in similar fashion to the
profiles for experiments conducted at f, - 0.15.
From the limited f, values presented here, as well as AOA profiles investigated
at a variety of values of f,, it was clear that the non-sinusoidal variations in AOA
increased with increased fr. Additionally, results suggested that the subsequent pres-
sure measurements displayed much greater variation between pitch angles for the
cases of higher f;.
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Figure 4-28: Plotting the AOA profiles for f, = 0.19 showing substantial variations
in the AOA profile as the maximum pitch amplitude was increased.
Returning to the free stream velocity for the trials at f, = 0.15, but increasing
the frequency of oscillation allowed the effect of each parameter on the magnitude
of pressure variation to be considered. Although having slight higher pressure mag-
nitudes than the f, = 0.15 case, the maximum pressure magnitude observed for a
trial at f, = 0.19 and o = 300 was ~ 275 pa, much lower than the ~ 500 pa for the
f, = 0.1 case. Additionally, it was observed that like the Jr = 0.15 trials, certain
values of o produced much lower pressure magnitudes.
For both the f, = 0.15 and the f, = 0.19 cases, it was found that at pitching angles
of 40', the AOA profiles showed the most fluctuations, and the lowest maximum AOA.
As expected, the pressure profiles mirrored these profiles, resulting in low maximum
pressures and ill-defined oscillations.
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Figure 4-29: Pressure measurements for fr = 0.19, 00 300.
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Figure 4-30: Pressure measurements for f, - 0.19, 0c 400.
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Figure 4-31: Pressure measurements for fr 0.19, 00 50'.
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Figure 4-32: Pressure measurements for fr 0.19, 0. 0 60'.
Chapter 5
Discussion
5.1 Steady Angle of Attack Experiments
The experiments conducted at a steady AOA of 350 offered an opportunity to focus
purely on the pressure and force variations created by LEV shedding. Without the
pressure fluctuations created by the large oscillations of the flapping experiments, the
impact of a vortex near the foil surface was clearly discernible.
5.1.1 Vortex Detection Using Pressure Sensing
Considering the pressure sensor traces for the steady AOA experiments, it was clear
that the presence of a vortex near the foil's surface was associated with a distinct and
localized drop in pressure, agreeing with the numerical results from Streitlien [22].
While this result was not unexpected, the clarity and the repeatability of the steady
AOA experiments was greater than anticipated. To demonstrate the repeatability of
the LEV shedding, the time traces of the first pressure sensor for three individuals
runs at U = 0.35 m/s are shown in figure 5-1.
For the experiments at steady AOA, identification of a shed LEV proved to be
possible with just the pressure sensor signals. Using PIV techniques, the presence of
a shed LEV was verified, and it was found that the location of the shed vortex corre-
sponded very well to the location determined qualitatively from the pressure sensors.
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Figure 5-1: The pressure traces from the first pressure tap location for three trials at
U=0.35 m/s show very little variation in shape or magnitude. The signals have been
time shifted and the time non-dimensionalized to allow for comparison of the shape
and magnitude of the signals.
It was found that the minimum pressure observed for a given sensor corresponded
to the moment when the shed LEV was adjacent to that pressure tap. While this
technique allowed for a rough estimate of the vortex location, it is not sufficient for
use in a real-time control application. Tracking the location of the vortex in real-time
would require the development of an algorithm based on an analytical model of the
vortex-foil interaction.
5.1.2 Challenges in Modeling
Initial attempts to model the interaction of a shed LEV and a foil translating at a
steady AOA were based on the potential flow modeling carried out by Streitlien in
[20]. Streitlien's model was based on the use of a Joukowski foil undergoing heaving
and pitching motions, as well as periodically shedding point vortices into the wake.
The model was an attractive starting point for the purposes of simulating the steady
AOA experiments because of the ability to include free vortices at any point in the
flow, as well as the ability to expand to the flapping foil cases.
The flow in Streitlien's model was described by the complex potential given in
equation (5.1), which was composed of five component potentials given in equations
(5.2), (5.3), (5.4), (5.5), and (5.6).
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In Streitlien's derivation, wi and w 2 are associated with the translational motion
of the foil in the x and y directions respectively. The pitching motion of the foil
is dealt with by w3 and w4 , and W5 takes into account the central vortex and free
vortices respectively. In order to adopt the model for the case of the shed LEV, an
appropriate vortex strength, y needed to be determined for the shed LEV.
Unlike the case of a single vortex passing above a foil as presented by Streitlien
in [22], the strength of the shed LEV in the steady AOA cases was found to vary
throughout the trial. Considering the vorticity field near the foil from PIV experi-
ments, it appeared that the shed LEV remained attached to the leading edge of the
foil for nearly half of the chord-wise length of the foil, as seen in figure 5-2.
Circulation was calculated from the velocity and vorticity found from PIV mea-
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Figure 5-2: Vorticity from PIV imaging revealed that as the LEV shed and traveled
along the length of the foil, it remained connected to the leading edge, gaining strength
from vorticity in the boundary layer.
surements using equations (5.7) and (5.8). In both cases, five rectangular regions
were drawn within a PIV frame, defining the individual pixels over which the circu-
lation was calculated, as seen in figure 5-3. In equation (5.7), circulation was found
by multiplying the area of a pixel by the average vorticity on that pixel calculated
by taking the average of the vorticity at the pixel's four corners. The sum of all
the individual pixels was then taken to find circulation. In equation (5.8), the line
integral of velocity was taken along a user defined rectangular region, allowing each
individual pixel edge length to be multiplied by the average velocity on that edge.
Again, average velocity was found by taking the mean of the PIV velocity at the
Frame 250/350
endpoints of the pixel edge. Summing the values for each pixel edge gave the total
circulation for the rectangular region.
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Figure 5-3: Rectangular regions were drawn within each PIV image to define the
pixels over which circulation was calculated.
The circulation of the shed LEV was calculated with both methods, as seen in
figure 5-4. While minor differences between the circulation value found using the
two methods were encountered, the increase in circulation is clearly visible. Towards
the end of the period captured for PIV analysis, the shed LEV was found to diffuse,
causing difficulty in identifying the area over which to calculate circulation and leading
to greater variation between the vorticity and velocity methods.
Although the LEV circulation was able to be calculated from PIV measurements,
the time varying strength of the vortex introduced an additional complexity to the
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Figure 5-4: The circulation of the LEV was calculated throughout a trial using ve-
locity and vorticity values from PIV. It was observed that the circulation increased
throughout the trial, presumably gaining strength from vorticity near the foil leading
edge.
model. It is reasonable to assume that not only the final value for circulation, but also
the rate of change, will vary with the free stream velocity. Unfortunately, PIV mea-
surements were unavailable at additional velocities, causing difficulty in the extension
of the model to a general case of translation.
In addition to the time-varying circulation of the shed LEV, the apparent connec-
tion to the foil's boundary layer vorticity, and the close proximity of the vortex to
the foil's surface raise doubts about the use of a point vortex to simulate the LEV.
While vortex tracking has been accomplished using potential flow models for simple
cases of a vortex near a wall or streamlined body [6], the case of a self-generated flow
offers a new and more challenging scenario. While work is ongoing to adopt a po-
tential flow model to the shed LEV case, the increased complications suggest a more
advanced simulation method might be necessary to capture the interactions between
the near-body vorticity and shed vortex wake.
5.1.3 Benefits of Vortex-Foil Interaction
Lifting Force
In the optimization of a flapping foil energy extraction device, real time knowledge of
the presence and location of a shed LEV is critical. As has been shown by recording
the forces and moments acting on the foil throughout the steady AOA experiments, a
shed LEV both enhances the lift force on the foil and provides a potentially beneficial
added pitching moment. For the cases of U = 0.20 m/s the steady lift force on the
foil was found to be ~ 1.75 N, while the lift force during the period of the shed
starting vortex was found to be ~ 2.5 N, an increase of ~ 43%, as seen in figure 4-13.
While this increase was significant, it must be recognized that the pressure signals and
forces associated with the starting vortex were found to be significantly greater than
subsequent vortex shedding events. As an example of this trend, for the U = 0.20
n/s case that showed an ~ 43% increase in lift for the starting vortex, the lift force
for the second vortex only increased from ~ 1.75 N to ~ 2 N, an increase of only
14%. For the case of U = 0.35 m/s, the lift force was observed to increase from
4 N, to ~ 8 N in the presence of the starting vortex, an increase of ~ 100%, as
seen in 4-14. Unfortunately, only a very weak second vortex is present in the results
for U = 0.35 m/s at approximately 14 seconds, creating a negligible increase in the
lift, and providing a poor comparison to the starting vortex.
While the presence of a shed vortex near the foil appears to benefit the lifting
force, and subsequently the power extraction potential of the foil, it is recognized
that during an actual flapping case, the shed vortex can be trapped beneath the foil
surface, as shown in [26]. If this is the case, the transient increases in lift observed
during the steady angle of attack experiments will be working against the motion
of the foil, decreasing the power extraction potential and drastically reducing the
effectiveness and efficiency of the system. The potential for poor-synchronization
with the shed LEV to have detrimental effects on the performance of a flapping foil
system serves as motivation to implement a means to sense the presence of vortices
near the foil surface, and actively correct the foil motions to take advantage of the
positive aspects of vortex-foil interaction.
Pitching Moment
The influence of LEV shedding on the foil pitching moment has been shown to have
an impact on the power input necessary to actuate a flapping foil ([14],[19],[26]).
Experiments conducted at a steady AOA supported this conclusion, demonstrating
that LEV shedding caused noticeable variations in the pitching moment as the shed
LEV progressed along the foil, as seen in figures 4-16, and 4-17.
Unlike the lifting force, the variation in pitching moment caused by the shed
starting vortex and from subsequent shed vortices appeared to be minimal. For both
the U = 0.20 m/s and U = 0.35 m/s cases, the pitching moment profiles were
characterized by a large inertial spike due to the acceleration of the foil, followed
by a sharp decrease in torque as the LEV formed and shed at the leading edge,
as seen in figures 4-16, and 4-17. For both the first and second shed vortices, the
moment was observed to increase as the pressure was increasing on the first tap, and
nearly minimum on the second tap. This trend was consistent with the location of
the pressure taps in relation to the pitching point of the foil, as seen in figure 3-2.
Increasing pressure on the first pressure tap was indicative of the vortex having moved
past the first tap location, and a minimum pressure on the second tap indicated the
vortex was nearly adjacent to the tap location, as shown in figure 4-8(d). Because
the second pressure tap was located downstream of the pitching point of the foil,
the location of the vortex low pressure adjacent to the second pressure tap exerted a
positive, counterclockwise moment on the foil. The magnitude of the pitching moment
due to the first and second shed vortices appeared to be nearly the same in figure
4-16 for the U = 0.20 m/s case, suggesting that the added pitching moment may
be a significant factor during both steady and transient operation. The equivalency
of added pitching moment between starting and subsequent vortices is reinforced by
the U = 0.35 rn/s case. In figure 4-17, the starting vortex is observed to create an
increase in the pitching moment starting at approximately 12 seconds. A second bump
in the pitching moment of similar magnitude is observed starting at approximately
14 seconds, coordinating with a very small dip in the pressure signal, suggesting a
weak vortex being shed. While the increase in lifting force due to this second vortex
was negligible, the change in pitching moment is easily identified, suggesting that
the presence of any vortex near the foil surface, even weak ones, has a non-negligible
influence on the foil pitching.
It is important to recognize that the signals from the pressure taps on the foil's
surface allowed the location of the vortex to be approximated, and subsequently the
sign of the added torque to be predicted. If pressure sensors were mounted on an
operational foil, the pressure signals would presumably be recorded and interpreted
in real-time, making the recognition of a minimum, as was used to locate the vortex
in the U = 0.20 m/s case, challenging.
5.1.4 Pressure Differential
In nature, the LLTC makes use of the pressure differential between adjacent pores
on the body of the fish to stimulate neuromasts within the canal system. The canal
system allows for differentiation between fluctuating components of the pressure field
associated with stimulus such as vortices and obstructions in the flow, and the quasi-
steady component of pressure associated with fish swimming. Recognizing that fish
have evolved to use pressure differential to better differentiate various sources of pres-
sure, it was hoped that using the pressure difference between adjacent sensors on the
instrumented foil would enhance the identification of LEV detection and localization.
When plotting the pressure difference between adjacent sensors for the steady
AOA cases as in figure 5-5(b), it was observed that the time traces exhibit similar
pressure drops to those observed on each of the pressure sensor locations, as seen
in figure 5-5(a). In addition to the sharp depressions in the time traces, the plot of
pressure differential also exhibited spikes in the traces following the passage of the
shed LEV.
Previously, it was found that the presence of the shed LEV adjacent to a pressure
sensor location was marked by a minimum in the pressure magnitude on that sensor.
In similar fashion, the minimum of pressure differential was observed to occur when
the vortex was adjacent to the sensor of the pair closest to the leading edge (e.g. for
the difference of sensors one and two, the minimum occurred when the vortex was
adjacent to sensor one). This trend was observed on all three sensor pairs, allowing
the presence of the LEV adjacent to the first three sensor locations to be identified.
Unfortunately, the pressure differential did not contribute additional information to
the localization of the sensor downstream of the third pressure tap location.
The time traces of pressure differential varied from the single-sensor traces due to
the presence of a spike in the differential following each depression. In figure 5-5(b), a
sharp dip in the difference between sensors one and two (blue trace) was observed at
approximately 5 seconds, followed soon after by a spike at approximately 5.7 seconds.
It was observed that the spike in the trace for the difference between sensors one and
two occurred at the same time as the minimum of the difference between the pressure
on sensors two and three. This coordination between a spike and a depression was also
observed for the second vortex shed from the leading edge, as seen at approximately
8.5 seconds in figure 5-5(b). While the shape of the pressure differential traces is not
unexpected, the spike-depression pair consistent with the presence of a shed vortex
allows for an additional means of detecting the presence of a LEV.
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Figure 5-5: Comparing the pressure on each of the four pressure sensor locations
with the pressure differential on adjacent sensors shows a similarly shaped drop in
magnitude on each time trace, but also the addition of a spike in differential following
the passage of a shed LEV.
5.2 Flapping Foil Experiments
Unlike the steady AOA experiments where the very simple foil motions allowed for
focus on the pressure signals due to LEV shedding alone, the flapping foil experiments
had much more complicated results. While LEV shedding was easily identified by
the distinct pressure drops observed sequentially on each sensor during the steady
experiments, this pattern was much more difficult to identify in the flapping foil
cases. The difficulty in identifying vortex shedding in the flapping cases may be
attributed to several factors.
While the shape of the pressure drop in the steady AOA cases was distinct, during
the flapping foil experiments the pressure signals adopted a nearly sinusoidal profile
due to the motion of the foil. The similarity between the signal shape associated
with the presence of a shed LEV, and the signal due to a sinusoidal oscillation, made
qualitative identification of vortex shedding difficult. In addition, the noise observed
in the flapping foil experiments was greater than for the steady AOA cases, both
due to the additional motion of the foil, and the activation of two additional motors
adding electrical noise.
Identification of vortex shedding may have also been inhibited by the relatively
low AOA achieved during the flapping cases. While the AOA of the foil was 350
during the steady experiments, the maximum AOA during a flapping experiment
was < 300, despite experiments up to 00 = 600. In their numerical investigation of
flapping motions, Kinsey and Dumas found the highest efficiencies were achieved for
0c = 750, leading to an AOA of 350 [9]. The pitching motor used in the experimental
setup would not allow experiments at 00 = 750 without stability problems, but the
numerical results from Kinsey and Dumas, combined with the observations from the
experiments suggest higher values of 0. would be valuable for future studies.
While conclusive detection of vortex shedding during a flapping case was not
obvious in the trials undertaken, improvements to both sensing techniques and sensor
technology could enhance the ability to make a positive detection. In particular,
a more dense array of pressure sensors would have been helpful for distinguishing
gradients on the foil's surface indicative of shedding. Additionally, for the flapping
case, instrumentation on both surfaces of the foil would have proven valuable in
distinguishing between pressure fluctuations due to the motion of the foil, and due to
the shedding of a LEV. The positive results of the steady AOA experiments suggest
that advances in sensing technology and techniques will allow for real-time feedback
to flapping foil systems.
5.3 Pressure Sensor Improvements
As discussed in chapter 3, commercially available pressure sensors, as well as tubing
embedded within the hydrofoil, were used to enable pressure sensing on the foil sur-
face. While this solution allowed the pressure signals associated with LEV shedding
to be identified, experiments have provided valuable input as to how the number and
layout of sensors could be optimized to aid in the tracking of a shed vortex.
During the experimental program described in chapter 4, the fourth pressure sen-
sor on the foil was found to be of little use in identifying the presence of a shed
vortex. After verifying the operation of the sensor, the lack of response during the
steady AOA experiments was attributed to the decrease in signal strength as the dis-
tance between the foil and the shed vortex increased due to the high AOA of the foil.
The strong signal on the remaining three sensors suggested that optimal placement
of the sensors would concentrate on the region between the first and third tap loca-
tions. Additionally, the ability to predict the direction of the added pitching moment
based on the location of the shed vortex places added emphasis on the region near
the foil pitching point. Having an accurate knowledge of the transition from negative
moment due to the foil being in front of the pitching point, and a potentially helpful
positive moment would be of great help in the control of flapping motions.
Besides improved distribution of pressure sensors along the chord-wise direction
of the foil, experiments have revealed the benefit of having accurate pressure mea-
surements on both surfaces of the foil. During the steady AOA experiments, having
sensing on only the low pressure side of the foil was sufficient, as the shedding of the
LEV was found to be remarkably consistent, as seen in figure 5-1. The experiments
with flapping motions, however, demonstrated the large variations in pressure signals
possible even at a consistent value of fr. If sinusoidal pitching and heaving profiles
are maintained, large fluctuations in the AOA profile are possible, causing the po-
tential for vortex shedding to occur on both sides of the foil and at unpredictable
times. The potential for non-optimal synchronization between near-body vorticity
and foil pitching motions also supports the need for pressure sensing along both faces
of the foil. As has been mentioned, the existence of a shed LEV beneath a flapping
foil can both reduce the foil lifting force, and create a pitching moment working in
the opposite direction of the foil motions. In both cases, the presence of a shed LEV
would have a negative effect on foil efficiency. The presence of pressure sensing along
both faces of the foil would allow a vortex beneath the foil to be quickly identified,
and foil motions corrected to return to optimal operating conditions.
The need for both better sensor distribution and greater sensor coverage creates a
distinct problem with the use of commercial sensors. For the experiments conducted
with the instrumented hydrofoil, only four sensor locations could be used due to the
size of the sensors mounted on top of the foil. The use of plastic tubing to transmit
the pressure signals, while adequate for this study, introduced another variable and
a small delay into the system. An optimal solution would be to employ MEMS scale
arrays of pressure sensors directly on the surface of the foil, allowing for greater
precision in the detection and localization of shed vortices, and reducing the need
for complicated fabrication techniques made necessary by the presence of pressure
transmission tubes within the foil.
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Chapter 6
Conclusions
Flapping foils hold great promise for both propulsion and energy extraction applica-
tions. Inspired by the evolution of fish to both swim efficiently and extract energy
from turbulent flow fields, experiments were conducted using a hydrofoil instrumented
with pressure sensors undergoing both steady AOA and flapping foil motions. During
flapping experiments, the foil underwent sinusoidal motions in both heave and pitch,
and was subjected to a steady incoming flow. The foil motions were governed by the
reduced velocity, fr, as well as the maximum pitching amplitude 00.
During experiments at a steady AOA of 350, a distinct pressure drop was observed
sequentially on each pressure sensor as the foil accelerated to a designated velocity
and traversed the length of the testing tank. The sudden pressure drop was consistent
with the presence of a shed vortex near the surface of the foil, and it was determined
that a strong starting vortex was being shed as the foil was accelerated. In addition
to the strong vortex associated with the acceleration of the foil, weaker pressure drops
were also recorded as the foil reached a steady velocity and continued to shed vortices
into the wake. The development and shedding of a strong starting LEV was verified
using PIV techniques. The vortex was observed to form at the leading edge of the
foil as it accelerated, then shed from the foil surface while retaining a connection to
the foil boundary layer through which it continued to gain strength. Coordinating
the pressure and PIV results showed conclusively that the large drops in pressure
recorded on the foil surface were due to the presence of the shed LEV near the foil
surface, with the minimum pressure on each sensor associated with the moment the
vortex was adjacent to the pressure tap.
For the case of flapping foil energy extraction, the presence of a shed LEV has
the potential to provide beneficial transient lift and added pitching moment if opti-
mal synchronization between the near-body vorticity and the foil pitching motion is
achieved. Because of this potential benefit, the forces and moments acting on the foil
were of interest during the experimental program. The influence of the shed LEV on
the foil lifting force and pitching moment could be seen most clearly during the steady
AOA cases. As the LEV was generated and subsequently shed from the foil leading
edge, a noticeable increase in the lifting force was observed. It was found that the
magnitude of the lifting force increase was proportional to the free stream velocity,
U. Not only was the magnitude of the transient lifting force found to increase, but
the percentage increase from the steady lifting force was found to increase as well.
While the increase in lifting force for the starting vortex was found to be between
~ 40 - 100%, the increase in lift due to subsequent shed vortices was found to be
much smaller, ranging from ~ 0 - 14%. Despite the significant drop off in lift force
increase from the starting vortex to subsequent shed vortices, the increase was cer-
tainly noticeable, and the detrimental affects of a shed LEV being positioned beneath
the foil and acting opposite its motions should not be discounted.
The effect of the LEV shedding on the foil pitching moment was also clearly
evident in the steady AOA cases. In each trial where pressure sensor measurements
suggested a strong LEV was shed, the pitching moment exhibited an inertial spike
as the foil accelerated, followed by a drop due to a clockwise contribution from the
vortex positioned in front of the pitching point, and a steady increase in pitching
moment as the vortex progressed to the trailing edge. Just as the transient lifting
force was found to increase with free stream velocity, the added pitching moment
was found to be proportional to U as well. Unlike the lifting force case, however,
the increase in pitching moment was found to be significant for both the starting
as well as subsequently shed vortices. The significant impact of each shed LEV on
the pitching moment reinforces the need for optimal synchronization between LEV
shedding and the foil pitching motions. If coordinated correctly, the added pitching
moment due to the presence of the shed LEV will reduce the energy needed to actuate
the pitching motion of a flapping foil extraction device, increasing efficiency and the
viability of flapping foils as a solution to the world's growing energy demands. If lack
of sensory feedback allows for a device to remain in a costly non-synchronized motion
for an extend period, energy expenditure for actuation will increase dramatically, and
the production of the system will inevitably be impacted.
The use of pressure sensors on the surface of a hydrofoil has shown that the
presence of a shed LEV can be detected, and the motion of the vortex tracked quali-
tatively. These results show that the use of pressure sensing as a means of real-time
feedback to an energy extraction system has the potential to help optimize foil mo-
tions so as to synchronize with the shedding of near-body vorticity, and increase
energy extraction efficiency. While experiments conducted with sinusoidal flapping
motions demonstrated that the difficulty in identifying vortex shedding increases with
the introduction of complicated motions, advances in both the design and use of pres-
sure sensor arrays promise to extend the capabilities of vortex detection to real-world
conditions.
Although the experiments presented showed that the presence of a shed LEV can
be detected using pressure sensing alone, several avenues of investigation remain for
future work. Of primary interest for future investigation would be the development
of a vortex tracking algorithm. While a qualitative estimate of the vortex location
can be made from the pressure sensor results, implementation of a pressure sensor
based control scheme in an operational flapping foil system would require the accurate
location of the vortex to be done in real time. The potential flow approach presented
by Streitlien in [20] should be further investigated, and its suitability to the problem
determined. Additionally, an accurate method for modeling the time-varying circu-
lation of the vortex is essential to fully understanding the pressure signature of the
vortex at any time.
Developments in the experimental setup used in Singapore would also greatly
benefit the present study. In particular, extending the motion control on the x-y
gantry to allow for non-sinusoidal heave motions would allow the experiments of
Simpson in [18] to reproduced accurately. Using a non-sinusoidal heaving motion
would ensure sinusoidal AOA, eliminating the substantial variations in AOA profiles
observed during the flapping foil experiments. It is presumed that eliminating the
potential for extraneous vortex shedding due to variations in AOA would reduce
the complexity of the pressure signals for the flapping foil cases, allowing for further
progress in the identification of LEV shedding. Additionally, outfitting the x-y gantry
with a support for the PIV camera would allow imaging of a greater portion of a
flapping cycle. With the current fixed camera arrangement, the camera's field of view
is limited, allowing only selected portions of the foil motion to be imaged in detail.
It is hoped that additional use of PIV would allow for the verification of pressure
signatures associated with LEV shedding for the flapping case, just as current results
do for the steady AOA case.
Finally, the development of small, waterproof pressure sensor arrays is critical for
the continued study of the detection of self-generated flows. While the instrumented
foil and Honeywell sensors provided valuable results, the size of the sensors and lack of
waterproofing made for compromises in the design of the experimental setup. Several
technologies being developed both at MIT, and within the SMART center in Singa-
pore, have shown promise in delivering a viable solution to the problem of providing
robust pressure sensing with fine spatial resolution on a submerged, curved surface.
With continued effort, it is possible to foresee a sensor package that will allow for the
low cost and reliable sensing of self-generated flows.
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Figure A-8: Results from steady AOA experiments at U=450, a,, - 350
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Forces From Steady AOA
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Figure B-1: Forces from steady AOA experiments at U=100, a, = 35'
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Figure B-2: Forces from steady AOA experiments at U=150, a, = 350
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Figure B-3: Forces from steady AOA experiments at U=200, ao = 350
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Figure B-4: Forces from steady AOA experiments at U=250, a, = 350
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Figure B-5: Forces from steady AOA experiments at U=300, o = 350
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Figure B-6: Forces from steady AOA experiments at U=350, a, - 350
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Figure B-7: Forces from steady AOA experiments at U=400, ao = 350
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Figure B-8: Forces from steady AOA experiments at U=450, ac = 350
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Appendix C
Pressure Results for fr
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Figure C-1: Results from f, = 0.15, 00 = 300
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Figure C-2: Results from f= 0.15, 0 35'
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Figure C-3: Results from f = 0.15, 00 = 40'
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Figure C-4: Results from f, = 0.15, 0,= 450
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Figure C-5: Results from f, = 0.15, 0 = 50'
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Figure C-6: Results from fr 0.15, 0 = 550
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Figure C-7: Results from fr = 0.15, 00 - 60'
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Figure C-8: Results from f, = 0.15, 00 - 650
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Appendix D
Pressure Results for fr 0.10
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Figure D-1: Results from f = 0.10, 0o - 30'
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Figure D-2: Results from f,. = 0.10, 0o - 350
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Figure D-3: Results from f = 0.10, 00 40'
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Figure D-4: Results from f, = 0.10, 0,o = 45'
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Figure D-5: Results from f, 0.10, 00 = 50'
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Figure D-6: Results from fr 0.10, 00 = 55
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Appendix E
Pressure Results for fr 0.19
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Figure E-1: Results from f, = 0.19, 00 300
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Figure E-2: Results from f. = 0.19, 00= 350
111
50.
0
-100,
(a) fr 0.19, 00= 40', Trial 1
Figure
.0 IN
-150
(b) fT 0.19, 0o = 400, Trial 2 (c)
E-3: Results from f = 0.19, 00
50
00.
fr 0.19, 00 = 400, Trial 3
= 40'
PresurSens Dga ilered d7hz Pre-urSen satFilterd A7hz
60 -26
40 - -04
20 -200
0 _ f/ 0
00D 00
is 0 20 222 2 26 20 12 14 i's 10 20 22 00
(a) fT 0.19, 00 = 450, Trial 1 (b) fr 0.19, 00 = 450, Trial 2 (c)
Figure E-4: Results from f, = 0.19, oc
(a) fr 0.19, 0. = 500, Trial 1
Figure
101010
Pressur ens1 a8 ilteed 2 hz
(a) fr = 0.19, 00 = 550, Trial 1
Figure
1020 2
fr 0.19, 0= 450, Trial 3
450
Presur S-s Da Filterd dt 7ht PresteSen- D s FiLerdA at h
202
~~' 2  00 ~ ------4 02
0 4
100 1
4 0 02 0 200 10 0 0 0 2 2 4 0
T- 1,1 T
(b) fr 0.19, 0o= 50', Trial 2 (c) fr 0. 19, 00= 500, Trial 3
E-5: Results from f, - 0.19, 0 500
a0.001012 ] 2 ) 1 1 10002022
(b) fr 0.19, 0o = 550, Trial 2 (c) fr = 0.19, 0o = 550, Trial 3
E-6: Results from f, = 0.19, 0o= 550
112
Pr-surSensoDesFiltered A7hz
PresrSensoatFilterdat7hzPre reensrWat Filtered17hZ.
T-rne[f] T-me(s] T- n
(a) f, = 0.19, 0. = 60', Trial 1 (b) fr -0.19, 0. = 600, Trial 2 (c) ft 0.19, 0c = 600, Trial 3
Figure E-7: Results from f 0.19, 00 600
150 50
-200 -200
10 12 t.4 16 ]a 20 22 12 14t 16
(a) f, - 0.19, 00 = 650, Trial 1 (b) fT  0.19,
Figure E-8: Results
n-eD-eFilteredt7hz PressurSensoDataF1lterdt7hz
4 10 W00
-150
-200
is 20 22 24 1 0 12 14 16 18
0, = 65', Trial 2 (c) fr 0.19, 0 = 65', Trial 3
from f, = 0.19, 0c = 650
113
114
Bibliography
[1] JM Anderson. Vorticity control for efficient propulsion. PhD thesis, Mas-
sachusetts Institute of Technology, 1996.
[2] DN Beal. Propulsion through wake synchronization using a flapping foil. PhD
thesis, Massachusetts Institute of Technology, 2003.
[3] J Chen, J Engel, N Chen, S Pandya, S Coombs, and C Liu. Artificial lateral line
and hydrodynamic object tracking. Micro Electro Mechanical Systems, 2006.
MEMS 2006 Istanbul. 19th IEEE International Conference on, pages 694-697,
2006.
[4] S Coombs. Smart skins: information processing by lateral line flow sensors.
Autonomous Robots, 11(3):255-261, Nov 2001.
[5] J Dabiri. Renewable fluid dynamic energy derived from aquatic animal locomo-
tion. Bioinspiration & Biomimetics, 2(3):L1-L3, Sep 2007.
[6] V Fernandez. Performance Analysis for Lateral-Line-Inspired Sensor Arrays.
PhD thesis, Massachusetts Institute of Technology, May 2011.
[7] E. Jacobs, K. Ward, and R. Pinkerton. The characteristics of 78 related airfoil
sections from tests in the variable-density wind tunnel. Technical Report 460,
United States National Advisory Committee for Aeronautics, 1933.
[8] KD Jones and MF Platzer. Numerical computation of flapping-wing propulsion
and power extraction. AIAA paper, 1997.
[9] T Kinsey and G Dumas. Parametric study of an oscillating airfoil in a power-
extraction regime. AIAA journal, 46(6):1318-1330, 2008.
[10] JC Liao. Neuromuscular control of trout swimming in a vortex street: impli-
cations for energy economy during the karman gait. Journal of Experimental
Biology, 207(20):3495-3506, 2004.
[11] JC Liao. The role of the lateral line and vision on body kinematics and hydro-
dynamic preference of rainbow trout in turbulent flow. Journal of Experimental
Biology, 209(20):4077, 2006.
115
[12] K Lindsey. A feasibility study of oscillating-wing power generators. Master's
thesis, Naval Postgraduate School, 2002.
[13] K Lindsey and M Platzer. An investigation of the fluid-structure interaction in
an oscillating-wing micro-hydropower generator. Advances in Fluid Mechanics,
Jan 2003.
[14] W McKinney and J DeLaurier. The wingmill: An oscillating-wing windmill.
Journal of Energy, 5(2):109-115, 1981.
[15] M Rapo. CFD study of hydrodynamic signal perception by fish using the lateral
line system. PhD thesis, Massachusetts Institute of Technology and Woods Hole
Oceanographic Instition, Feb 2009.
[16] M Rapo, H Jiang, M Grosenbaugh, and S Coombs. Using computational fluid
dynamics to calculate the stimulus to the lateral line of a fish in still water.
Journal of Experimental Biology, 212(10):1494-1505, 2009.
[17] Z Ren and K Mohseni. A model of lateral line of fish for vortex sensing. In 40th
Fluid Dynamics Conference and Exhibit, AIAA-2010-4620, Chicago, IL, 2010.
[18] B Simpson. Experimental studies of flapping foils for energy extraction. Master's
thesis, Massachusetts Institute of Technology, Jan 2009.
[19] B Simpson, FS Hover, and MS Triantafyllou. Experiments in direct energy
extraction through flapping foils. Proceedings of the Eighteenth International
Offshore and Polar Engineering Conference, pages 370-376, Oct 2008.
[20] K Streitlien. Extracting energy from unsteady flows through vortex control. PhD
thesis, Massachusetts Institute of Technology, 1994.
[21] K Streitlien, GS Triantafyllou, and MS Triantafyllou. Efficient foil propulsion
through vortex control. AIAA journal, 34(11):2315-2319, 1996.
[22] K Streitlien and MS Triantafyllou. Force and moment on a joukowski profile in
the presence of point vortices. AIAA journal, 33(4):603-610, 1995.
[23] A Suryadi and S Obi. The estimation of pressure on the surface of a flapping
rigid plate by stereo piv. Experiments in Fluids, Jun 2011.
[24] MS Triantafyllou, AH Techet, and FS Hover. Review of experimental work in
biomimetic foils. Oceanic Engineering, IEEE Journal of, 29(3):585-594, 2004.
[25] Q Zhu, M Haase, and CH Wu. Modeling the capacity of a novel flow-energy
harvester. Applied Mathematical Modelling, 33(5):2207-2217, 2009.
[26] Q Zhu and Z Peng. Mode coupling and flow energy harvesting by a flapping foil.
Physics of Fluids, 21(3), Mar 2009.
116
